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Using an integrated digital elevation and bathymetry model of Lake Ontario and historic 
lake level data from 1860 to present, coastal areas of periodic inundation were identified 
to generate, by association, an estimate of coastal wetland change due to lake level 
control. Pre and post Robert Morris Dam models were constructed to help determine the 
reduction of lake surface area when the dam started to control the extreme highs and lows. 
The model creates annual high and low lake surface coverages. The goal of this study is 
to create a baseline analysis and methodology for future studies on wetland change on 
Lake Ontario. Results of this study indicate an average change in lake surface area of 123 
square kilometers between pre and post dam periods, based on 148 annual calculations of 
the high and low water levels for each year. Lake levels are generally stabilized after the 
dam installation, with considerably less fluctuation at the lowest lake levels, compared to 
pre dam fluctuations. Spatial results were limited by the currently available 3-second 
(90m) per pixel resolution of the combined bathymetry and elevation data, which renders 
general results that mask shoreline details and seem to over estimate inundation. As 
higher resolution data become available in the next few years, such as LiDAR and 
SONAR, the methodology of the model should be adaptable, resulting in more accurate 
models for predicting areas of inundation, exposure, and potential wetland change due to 
alterations of historic lake level variability. 
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Introduction 
An essential component to the health and stability of the Great Lakes ecosystems 
are the coastal wetlands. Coastal wetlands are significant ecological features with 
ecologic and economic values. Ecologically, wetlands provide important habitat and play 
a critical role in natural and chemical cycles, such as the hydrologic and nitrogen cycles. 
Economically, wetlands, in particular coastal wetlands, provide many functions such as 
water retention, pollution control, and coastline protection (Keough et al. 1999). Coastal 
vegetation also aids in removing pollutants from entering the larger water bodies. Acting 
as a filter, wetlands reduce stream velocity and wave action, allowing suspended 
sediments to settle out. Wetland plants, such as cattails, remove other pollutants, 
including heavy metals such as mercury, storing pollutants in their biomass until the 
plants decompose. The removal rates of heavy metals by the Cattails are on the order of 
4 7% uptake from the water body (Coon and Bernard, 2000). Often this biomass is buried 
in the sediments, becoming trapped by the wetland and trapping the pollutants as well. 
Wetland plants also stabilize the shorelines by creating a matrix of roots, which hold the 
soil in place during storm events. 
The soils of a wetland are essential for water storage and for pollution control. 
The soil is usually high in clay and organic matter, which have high water and nutrient 
retention capacities. The soils allow for both water storage and the slow discharge of 
storm water back into the system, so rainfall from an intense storm may not enter a 
stream network until long after the storm has passed. 
Despite their ecological value, wetlands have historically been considered 
agricultural economic resources because of their fertile soils and more recently as 
development resources because of their locations adjacent to major water bodies. Coastal 
wetlands are drained and crops, such as fruit, vegetables and tobacco, can be grown on 
them (EPA and Environment Canada 2006). This conversion from wetland to cropland 
has been encouraged and subsidized by Federal agriculture policy. In the United States, 
wetlands were considered to be of little value in their natural state, and Congress 
determined that they were not public domain because they could not be used for 
development. Thus, Congress passed the Swamp acts of 1849, 1850, and 1860 to aid in 
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the draining of these lands to make them "productive" (USGS, 2005). The USDA 
classified this land alteration as "improved" land, and provided incentives in the form of 
grants or tax credits to drain a wetland to convert it into farmland. 
More recently, areas adjacent to the Great Lakes have accrued high economic 
value because of their location(Ball 2003). Many people want lake front property, and 
with the controlling of water levels and new ways to harden shorelines, people were able 
to move into and/or remove the wetlands. There are many ways of hardening a shoreline, 
but the most prevalent way is to create a concrete barrier that dissipates wave energy and 
keeps the natural shoreline contained but isolated from the lake. Figure l shows the same 
stretch of land along the coast of Lake Ontario in Greece, NY, from 1930, 1961, and 
2005. In the 1930 photo, there are no houses on the edge and the edge is actually smaller 
than the 1960 and 2005. Both the 1960 and 2005 images show residential encroachment 
and shore hardening devices such as retaining walls. 
Shoreline erosion was a major concern during the first plan of the Saint Lawrence 
River control Board to control water levels on Lake Ontario. As the lakeshore developed, 
shoreline loss due to wave action increased. Thus this economic development created 
concerns for property loss, but not concerns over lost ecological functions. While not 
directly mentioned in the original lake level program, consistent lake levels favored less 
erosion and that led to less property loss (IJC, 1961 ). Additionally, the loss of lake level 
fluctuation altered the periodic flooding needed to maintain certain types of coastal 
wetlands. 
Coastal Wetlands and Hydrology 
In the Great Lakes drainage, coastal wetlands provide functions and services such 
as flood control, nutrient and sediment removal, pollution control, shoreline stabilization, 
habitat, nurseries, and flow control (Tiner, 2003). The most important functional 
components of wetlands result from interactions between the plant communities and the 
soils (Tiner, 1999). However, all of these functions hinge on the wetland having the 
correct hydrology, which sustains the hydric soil conditions required by the hydrophilic 
wetland vegetation (Tiner, 1991 ). Hydrology is therefore the main factor that maintains a 
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Figure 1 - Images showing the development of the Lake Ontario Shoreline going back to 1930 to 2005 in the town of Greece near 
Edgemere Road. Development of the Lake Ontario Shoreline has exploded over the past 70 years and with development came the desire 
to maintain lake levels in order to reduce flooding and erosion issues. 
Yet coastal wetlands are easily impacted by hydro logic changes, both natural and 
human induced, which likely lead to cascading impacts in the Great Lakes ecosystem 
though vegetative changes. Periodic lower water levels will allow wetland plants to 
germinate and periodic high water levels are often needed to maintain wetlands (Assel, 
2004). Lower water levels provide areas where oxygen can penetrate and high water 
levels are associated with primarily anaerobic respiration within the soil column, helping 
suppress non-wetland plant species. These fluctuating water levels are key hydrologic 
parameters for maintaining the health of wetland soils. 
Lake Level Changes on Lake Ontario 
In the Lake Ontario system, lake level fluctuations are caused by many different 
factors. The natural causes for lake level fluctuations are events such as spring thaw and 
seasonal precipitation cycles. The water levels of the other Great Lakes also affect Lake 
Ontario because of the drainage patterns, with Lake Ontario receiving flow from all the 
other Great Lakes. Human diversions to the Mississippi Basin have lowered the supply 
in Lake Superior, so there is less contributing flow into Lake Ontario (IJC, 1961 ). These 
divisions were started in 1848 and have varied impacts on the Lake Ontario basin. The 
main reasons for these diversions were to provide irrigation water to the country's 
growing agriculture lands. These farms are located primarily in the 5midwestern states. 
While the US and Canadian governments agreed to keep the water in the Great Lakes 
watershed, diversions to locations outside the Great Lakes watershed still occur. Looking 
at the diversion averages, however, there is only a 0.09 foot (2.74 cm) change in Lake 
Ontario due to the diversions (IJC, 1973). While this does not appear to be a large impact 
by itself, compounded with other uses of the lake system this could potentially contribute 
to significant change in the lake and coastal ecosystems. However, the regulation on the 
other Great Lakes did not affect the lake levels on Lake Ontario as much as its own 
regulation did when the dams were placed in the Saint Lawrence (IJC, 1973). 
Because of the natural variability of the water level fluctuations, due primarily to 
precipitation cycles and other natural processes, the water levels of Lake Ontario have 
been stabilized by human engineering to facilitate human use of the resource. Stable 
water levels are maintained for three primary uses, shipping, hydropower, and shore 
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protection. To maintain stable water levels, the Robert Moses Dam was constructed in 
1951. The water stabilization plan developed with the dam had very little consideration 
for non-human factors, such as environmental impacts. 
Starting in the 1950s and 1960s, citizens, managers, and scientists began to notice 
unforeseen ecological impacts due to lake level management. These include decreased 
water quality and flood increases (United States Government 1972-2006). Left 
unaddressed, these impacts could potentially affect the human population in regards to 
both health and economic loss. 
In response to these ecological and environmental concerns, the Lake Ontario-St. 
Lawrence River Study Board was created in 2000 to come up with a new way of 
maintaining the lake levels to benefit the Lake Ontario system. The proposed goal of this 
2000 study was to create an economically and ecologically friendly plan to manage the 
lake levels. Of particular concern were coastal wetlands (Figure 2). During the five-year 
study, the Lake Ontario-St. Lawrence River control board began examining the effects 
that the water level fluctuations had on wetland vegetation (Lake Ontario-St. Lawrence 
River Study Board, 2001). 
Part of the study is a continuing analysis by US Geological Survey scientist David 
Wilcox, studying a few sites in the Lake Ontario basin to document changes in vegetation 
due to changes in the lake levels (Wilcox, 2003). From this, Wilcox and his team hope to 
come up with a model to predict how vegetation communities will change due to lake 
level fluctuations. 
The Wilcox model focuses primarily on recent field data, but does little with the 
wealth of historical data on the lake levels ( 1860-present). Therefore, bui !ding an historic 
lake level model will help support current research and will provide a framework for 
future studies. The focus of the project presented in this thesis is to investigate the 
coastline impact of limiting water level fluctuations by the dam construction and the 
potential impacts on coastal wetlands in Lake Ontario, using GIS and historical lake level 
records. 
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Coastal Wetlands Around Lake Ontario 
Figure 2 - Coastal wetlands, bathymetry, and elevation of the Lake Ontario drainage. The image 
shows the elevation and bathymetry model and the current wetland extents based on the Great 
Lakes Network. Also shown is the Robert Moses Dam, the primary dam controlling Lake 
Ontario's water levels. 
Lake Ontario Coastal Wetlands 
According to the Great Lakes Coastal Wetland Consortium, there are currently 
20,464 hectares of coastal wetlands in and along Lake Ontario. Figures 3-5 shows the 
different types of coastal wetland systems around Lake Ontario. The coastal wetlands 
follow a pattern of being situated in the lower elevations of the drainage area and can be 
classified into three major categories; open coastal wetlands, drowned river mouth and 
flooded delta, and protected wetlands (Keough et al., 1999). The open wetland and the 
drowned river wetlands are directly open to the water level fluctuation. 
Open wetlands are located on the shore of a lake and have a direct hydrological 
connection to the lake, such as bays and inlets. The open wetland has no water source 
outside of the main lake and precipitation. Open wetlands are not nutrient limited 
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because they act as eddies for the lake currents to deposit organic material. The main 
way for nutrients to be removed from this system is through wave action or vegetative 
use. (Keough et al., 1999) Figure 3 is a neighborhood oblique photo of an open wetland 
which is located on the North West shore of Braddock's Bay in Greece, NY. (Pictometry, 
2003) 
Figure 3 -An open wetland on Lake Ontario, part of the Braddock's Bay system along the south 
shore of Lake Ontario near Rochester, NY (Pictometry, 2003) 
Drowned river wetlands are common along the shores of Lake Ontario. They 
form where a river or large stream enters the lake. Nutrient loading is high in this type of 
system because sediment and organic nutrients are transported by the river and drop out 
in the limnic zone. These wetlands are impacted by the hydrological changes of both the 
lake and the river (Keough et al., 1999). Figure 4 is a neighborhood oblique photo of 
drowned river wetland which is located on the southwest shore of Braddock's Bay in 
Greece, NY (Pictometry, 2003). 
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Figure 4 - A drowned river wetland on Lake Ontario, at the south end of Braddock's Bay near the 
Braddock's Bay Park, near Rochester, NY (Pictometry, 2003) 
Coastal protected wetlands are impacted to a lesser extent by water level 
fluctuations due to their isolation. Coastal protected wetlands form in the depressions 
behind landmasses, such as dunes, where the water levels are generally impacted less 
quickly because the water connection is primarily through groundwater (Keough et al., 
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1999). These wetlands experience high nutrient loading because there are limited 
opportunities for the water to carry out the sediments and nutrients (primarily major 
storm events). Figure 5 is a community oblique photo of a coastal protected wetland, 
which is located on the south shore of Lake Ontario in Hamlin, NY (Pictometry, 2003). 
Figure 5 - A coastal protected wetland on south shore of Lake Ontario in Hamlin, NY. 
(Pictometry, 2003) 
Main Focus of the Study 
Specifically, this study will assess the impact that the Robert Moses Dam, located 
on the Saint Lawrence River, has had on the shoreline and wetlands of Lake Ontario. 
This dam is located on the border of Canada and the United States near the city of 
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Cornwall, Ontario (Figure 6). The main analysis will consist of exploring the seasonal 
highs and lows of historical data of lake level fluctuations dating from 1860 to present 
(Asset 2004) and interpreting aerial photography and imagery from 1930s to present in 
select areas to determine past and present shoreline and potential wetland boundaries. 
These data will be used to create a new layer of lake depth and land exposure and/or 
inundation in a GIS, which will help determine the relationship between lake level 
fluctuation and wetland loss. By comparing the changes to the historical fluctuations of 
water level with terrain and existing coastal wetlands, estimates of wetland changed can 
be determined through modeling in a GIS. The stabilization of lake levels produces an 
environment more favorable to non-facultative wetland species to move in to wetland 
areas, promoting an upland transition. Areas that have fewer disturbances will likely 
undergo succession and lose biodiversity of the mature, functioning wetland (Sheley 
2005). In addition, the curtailed inundation and exposure of coastal soils can allow for 
germination of seeds from non-facultative species. While succession is a natural process, 
human interaction has a pattern of accelerating disturbances, artificially sustaining 
conditions favorable to opportunistic species. 
Figure 6 - The Robert Moses Dam on the St. Lawrence River, near the town of Cornwall, Ontario, 
Canada (The Montreal/Lake Ontario Section of the Seaway, 2007). 
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Methods 
This project produced a GIS model for Lake Ontario that estimated potential 
change in coastal inundated areas due to lake level stabilization resulting from the 
construction of the Robert Moses Dam in 1951. The model was created using lake level 
data from the Rochester Sewer Department, United States Geologic Survey (USGS), and 
the United States Army Corps of Engineers (USA CE), dating from 1866 to present, and 
an integrated DEM/bathymetry model from National Oceanographic and Atmosphere 
Administration (NOAA). The lake level data were used to create annual lake level high 
and low layers, which were used with the DEM/bathymetry to calculate and spatially 
locate areas of inundation and exposure, referenced to the published average lake level of 
74.76 meters (245.26 feet)(IOC 1971). Results were compared to historic aerial 
photography of Lake Ontario's shore for wetlands delineation, producing a model about 
the different long-term changes to lake levels on the Great Lakes. 
The project used ArcGIS and the 3-0 Analyst extension with raster functionality 
(Environmental Systems Research Institute, 1999-2006). Using bathymetry data from 
NOAA, a three dimensional model of Lake Ontario, including a two kilometer inshore 
buffer, was constructed. The two-kilometer terrestrial buffer was derived to create a 
manageable dataset, as the full dataset ( over 500 megabytes in size) did not allow for 
multiple processes due to current memory capability. Data from the City of Rochester 
Department of Engineering and City of Rochester Sewer Department were used for 
determining the seasonal lake levels from 1860 to 1930. These data are in a large 
blueprint graph (Figure 7), and highs and lows for each year were measured using the 
graph scale and entered into a spreadsheet. For the remaining years ( 1931-present), the 
USGS and USACE water monitoring data for the Rochester, NY area, already in a digital 
spreadsheet, were used to compute annual lake levels. 
Figure 7- Scanned image of the blue print of the lake levels of Lake Ontario provided by the City 
of Rochester 2004. 
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Both datasets were combined and used to create an average lake elevation, 
calculated to be 245.57 feet (74.849736meters), which can be compared to annual highs 
and lows, raising or lowering the lake surface in the three dimensional model. These 
surfaces were converted to Boolean images and used to determine volume of water 
change and areas of inundation and/or exposure on an annual basis. This in turn allowed 
for estimates of wetland loss due to changes in inundation or exposure. Comparisons 
against the average lake level were conducted over three time periods. The first was an 
analysis all of the years ( 1860-present) to estimate generally if there is a potential long­
term change in wetlands via shoreline inundation or exposure. The other two analyses 
were used to estimate how the dam operation impacted the average shoreline elevation by 
looking at areas of inundation/exposure pre and post dam. These data were checked 
against historical photos, available for Monroe County, in order to estimate accuracy. 
The complete conceptual model for the project is provided in Figure 8. 
The model consists of two primary steps. Figure 9 provides a graphical 
representation of the modeling process as generated by the ESRI Model Builder module. 
The first step takes the Lake Ontario bathymetry model and reclassifies it, based on a 
given year's high or low lake level, to show what would be inundated as a "l" (less than 
or equal to the lake surface elevation) and exposed land as a "2" (greater than the lake 
surface elevation). Ideally, this analysis would have used" 1" and "O" to generate a true 
Boolean image, but due to a limitation in the ESRI geodatabase format, the "O" value 
generated errors in Model Builder. Step one is symbolized by the blue circle 
(Project_Lakel .tit), which served as the input for the reclassification routine (the first 
gold box), which outputs a raster file ( e.g. 1860L.tit). 
The second converts the raster ( e.g.1860L.tit) into a polygon feature to simplify 
the overlay process and to focus on the boundary of the lake alone. Step two is 
symbolized by the second gold box in the model (raster to feature class). This routine 
generates a Geodatabase, which automatically calculates the area of the lake surface 
polygon as an attribute, but unlike the shape file a geodatabase stores true curves, which 
is useful in area calculations. These steps were repeated semi-automatically 191 more 
times, done by copying step one and then altering the initial input values and names of 
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Figure 8 - The conceptual model of the lake surface change analysis. 
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Figure 9 - Snippet of the graphical representation of the ESRI Model Builder steps 
The model represented in Figure 9 is a good graphical representation of the 
process, but the ESRI model builder module used to build this graphic is not an efficient 
method for inputting all the variables at once. To automate the process, the model was 
converted in to a python script (see snippet in Figure l 0). This provides the ability to see 
all of the steps at one time and to input values using find and replace. Scripting in python 
is not really difficult, but it is highly recommended that an existing script act as a 
template to avoid programming errors. The python script also ran much faster than the 
model builder script. Ultimately, the python model took about two days to 
program/modify and three hours to run using an IBM workstation with a 3.4gigahertz 
Pentium JyHT processor computer and l .5gigibytes of ram. 
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# Import system modules 
8 import sys, string, os, arcgisscripting 
9 
10 # Create the Geoprocessor object 
11 gp = arcgisscripting.create() 
12 
13 #Check out any necessary licenses 
14 gp.CheckOutExtension("3D") 
15 
16 # Load required toolboxes ... 
'7 gp.AddToolbox("C:/Program 
Files/ArcGIS/ArcToolbox/Toolboxes/Conversion Tools.tbx") 




21 # Local variables ... 
22 Project_Lakel_tif = "C:\\GISData\\Thesis\\Project Lakel.L�" 
23 vl860Hg_tif = "C:\\G-sData\\Thesis\\Time Series\\1860Hg.t'f" 
24 vl861Lg_tif = ''C:\\GISData\\Thesis\\Time Series\\1861Lg.t'F" 
25 vl861Hg_tif = "C:\\GISData\\Thesis\\Time Series\\1861Hg.t.:._:" 
26 vl863Lg_tif = "C:\\GISData\\Thesis\\Time Series\\1863Lg.tL" 
27 v1860Lg_tif = "C:\\GISData\\Thesis\\Time Series\\1860Lg.tif" 
28 v1860L 2 = "C:\\GISData\\Thesis\\Time Series.mdb\\18601" 
29 vl860H 2 = "C:\\GISData\\Thesis\\Time Series.mdb\\1860H" 
30 vl861L_3_ = "C:\\GISData\\Thesis\\Time Series.mdb\\18611" 
605 
606 # Process: Reclassify (5) ... 
60..., gp.Reclassify_3d (Project_Lakel_tif, "Value", "-168 .1832275390625 




609 # Process: Raster to Polygon ... 
610 gp.RasterToPolygon_conversion(v1860Lg_tif, v1860L 2 , "S-YIPL:FY", 
"VALUE") 
bll 
61? # Process: Reclassify ... 
613 gp.Reclassify_3d (Project_Lakel_tif, "Value", "-168 .1832275390625 




615 # Process: Raster to Polygon (2) ... 
616 gp.RasterToPolygon_conversion(v1860Hg_tif, v1860H 2 ,  "S�MPL�FY", 
"VALUE") 
Figure IO - Snippet of the python script code used to calculate surface areas of annual lake level highs and 
lows. 
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Results and Discussion 
The model did not work as envisioned the first time it was run. Problems 
stemmed from the software not recognizing the extreme value extents for the annual lake 
level data, which were programmed into the model. As a result, instead of simply 
producing Boolean images (0' s and 1 's) as part of a reclass operation, the output images 
included pixels with values representing the programmed lake level extremes. The model 
was then adjusted by providing artificially extreme values (-l 68.1832275390625 for the 
low values and 658. 77800000000002 for the high values, see python snippet) to reset the 
lake level data extents, which produced the Boolean image for lake and upland. 
The working model results of the entire Lake Ontario shoreline (Figure 11) 
suggest major changes in inundated area extents due to limiting lake level fluctuation 
ranges (Figures 12, 13, and 15). The highs are represented in red and the lows are 
represented in yellow. The samples that are shown are only part of the 292 different 
results that were generated. Figure 12 is the earliest recorded Lake Ontario level that was 
on record for this project. It shows that in 1860 there was not a lot of change in lake level, 
resulting in minimal changes in the shorelines. Highs and lows that year only varied by 
0.4 meters from the long-term average lake level (245.26 feet). Figure 13 (representing 
1923) is one of the most extreme examples of the difference of shorelines in the analysis. 
This image suggests that the St. Lawrence was non-navigable for large ships during the 
low period. 
Issues like the disappearing St. Lawrence Seaway prompted a closer look at the 
DEM/bathymetry database and the lake level high and low database. Figure 14 shows a 
portion of modem NOAA chart, including bathymetric data, illustrating the narrow, deep 
channel of the St. Lawrence Seaway. This channel has been maintained since 1824 
(Great Lakes St. Lawrence Seaway System, 2007), when it was dredged from an original 
depth of 1.5 meters (5 ft) deep to the current depth of 8 meters (26 ft) deep. Figure 15, 
like Figure 13, shows a similar occurrence of the "disappearing" St. Lawrence Seaway 
during an extreme low lake level, which certainly did not happen in 2005. These 
examples point out the limitations of the DEM/Bathymetry model's resolution and issues 




Figure 11- 2005 NOAA Navigation Chart showing Lake Ontario and the St. Lawrence Seaway, including depths. 
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Figure 12- Boolean images of the maximum and minimum lake levels in 1860. Results show a minor change in the inundated or exposed areas, compared to 
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Figure 14- Extract of the St Lawrence River and Seaway from the 2005 NOAA Navigational Chart. 
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When specific areas were analyzed and verified close up, such as the St. 
Lawrence Seaway, problems with the raster DEM/Bathymetry layer resolution became 
apparent. These best available data have a resolution of 100 meters per pixel, and this 
level of detail does not allow for the accuracy that is needed to fully distinguish 
inundation and exposure changes due to the lake level, resulting in potential wetland 
changes. The reason that 100 meters is not accurate enough is that when dealing with 
coastal systems there could be a change as small a few meters of shoreline from a change 
in lake level of .01 meters. 
In general, the model appears to overestimate both the extent of inundation and 
exposure due to the large pixel size, which generalizes subtle changes in elevation 
(Figure 16-18) and shoreline curves. Because of this, large areas, such as the St 
Lawrence Seaway, show relatively large areas of change. Smaller bays along the Lake 
Ontario shoreline that were visible in the vector shoreline layer for Lake Ontario, 
however, were likely removed from the generalized lake surface raster images in most 
simulations. An example of this is Braddock's Bay (Figure 17), where high water 
inundation predicted in 2005 would have flooded that the Lake Ontario Parkway. This 
parkway is slightly elevated, and a more detailed elevation model would have picked this 
up, thus preventing the inundation. The low water level extents would also move the 
shoreline between 10-90 meters from where they should be. This limitation may be 
rectified when the more precise data model for the bathymetry and elevations are 
available from current LiDAR and bathymetry initiatives (Lopez-Torrijos 2005), slated 
for completion in 2012. 
Another temporal problem encountered was not being able to model the duration 
of the seasonal highs and lows. The model generates extents for annual peak highs and 
lows, but extended periods of inundation are needed to influence wetland extent. A more 
accurate model would incorporate the lake levels for each day, allowing for an analysis of 
long-term inundation and potential alteration to wetland biogeochemical functions. 
Looking at detailed ( daily) temporal patterns of lake level changes can be used to 
determine if the hydrology of a wetland is present for a given area, even if the area is not 
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Figure 16- St Lawrence Seaway Islands and maximum and minimum lake levels in 2005. This image illustrates the disappearance of the islands 
in the channel at extreme low lake levels, as predicted by the model using the current bathymetry and DEM data. This is an artifact of the data 
resolution, as there is no record of the water within the channel completely disappearing during the period ofrecord. 
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Figure 17 - Braddock's Bay with the New York State Orthoimagery from 2005 and the minimum and maximum for 2005(Williams and Lyon 1997). This image 
illustrates what happens as a result of the model overestimating the areas of inundation, due to the l 00-meter resolution of the DEM/bathymetry data. 
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Figure 18 -The south shore of Lake Ontario from Braddock's Bay to Sodus Bay and maximum and minimum lake levels in 1893. This image suggests that 
during the lowest water level, Braddock's Bay disappeared, which is a result of the data resolution. Noticeable in this picture is the size of the 100 meter pixels. 
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Ideally, the raster model results would be checked against identified periods of 
consecutive 14-day inundation during the growing season, a federal requirement for 
wetland determination (Army Corp of Engineers, 1984; Tiner 2002). These daily lake 
level data are not available until the 1940s, however, so this limits the pre-dam analysis. 
Computational and raster storage limitations for this type of analysis would also be 
considerable and are not feasible at this time. For these reasons, the current model is 
intentionally limited to annual lake level highs and lows. Despite these data limitations, 
the model results (Figures 19-25) do indicate that the shifts from naturally fluctuating 
lake levels to a managed lake level did have an impact on shore line, costal open, and 
drowned river wetlands, as suggested by wetlands literature (Keough et al., 1999). 
Impacts to coastal protected wetlands could not be determined by this version of the 
model, due to the lack of a direct link to surface water. To model impacts on protected 
coastal wetlands, the model would need to be expanded to include more information on 
the ground water table and the hydro logic parameters of the soils. 
Figures 19-21 show the temporal record of the water levels of Lake Ontario. 
Figure 19 is the entire time series and figures 20 and 21 show the water levels pre and 
post dam, respectively. In the pre-dam period, the max and min water level records often 
mixed, with low values attaining levels typically associated with the high water levels 
and vice versa. But with increased stability due to the dam control, the high and low 
values tend to separate out better and have more limited ranges, especially in the annual 
low water levels (Figure 21 ). This highlights the loss of variability critical to wetland 
habitats, which in turn would allow for the formation of more static habitats. 
Figures 22-24 show the annual surface area of the lake at the extreme high and 
low, as predicted by the GIS model. Throughout the record, similar to the lake level 
records, there are years where the annual high surface area falls within the range of the 
normal low surface areas, indicating years of low water levels and very little change 
between the highs and lows. The opposite pattern also exits, with annual low values 
nestled within the normal range of annual high surface areas, representing extremely wet 
years (Figure 22). Figure 22 also illustrates that high lake surface areas vary more widely 
than the annual low surface areas, representing the variability of floods and the non­
flooding storage characteristic of the lake. Yet when the pre and post dam periods are 
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isolated, what stands out is the dampening of the surface area variability, particularly the 
surface areas associated with low water levels. 
In the muted extreme water levels, the post dam storage capacity and lake level 
management stand out. Because the dam can control lake volume, to some extent, by 
controlled releases of water, water can be stored to minimize the impacts of drought years, 
thus elevating the annual minimum water level and stabilizing low water lake area. 
Conversely, the dam can release water in anticipation of a flood event, creating storage 
capacity and minimizing the impact of a flood event. These actions could dampen the 
annual lake high water level and again stabilize the lake area. Figure 25 illustrates the 
differences between the annual high and low surface areas and indicates that after the 
construction of the dam in 1960 and control of the water levels, there is greater 
predictability of the areal difference in the annual lake surface area between the high and 
low lake levels. 
Table 1 summarizes the average water level and shoreline areas of the lake pre­
and post dam. Results suggest there is less seasonally flooded land (123 km2 or 12,300 
hectares), which serves as an estimate of potential coastal wetland loss. This figure is 
significant, given the current estimate of 20,464 ha of existing coastal wetlands around 
Lake Ontario. A stabilized lower lake level might stabilize the areas of submerged and 
emergent wetland vegetation ( a potential wetland gain), but some areas of submerged 
wetlands might become too deep for adequate light penetration. A stabilized lake level 
would also limit periodic and sustained variability that some wetland species might 
require. This pattern is often seen in the pre-dam records, with extended periods of high 
or low lake levels, as indicated by a small difference in the annual extremes. 
Thus biodiversity could be impacted and the types of wetlands and the species 
within these wetlands along the coast could change. By suppressing flood events, upland 
species may also encroach on areas that used to be seasonally flooded, thus reducing the 
upland transitional areas and stabilizing the upland wetland boundaries. Both of these 
changes could ultimately result in a narrower band of wetland vegetation along the 
coastline and may also impact biodiversity through loss of disturbance (Azar et al. 2002). 
However, the accuracy of the wetland loss estimate cannot be verified at this time due to 
the resolution of the data. 
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Figure 19 - Fluctuating lake levels of Lake Ontario over time. While there is an overall decreasing trend, a more stabilized trend appears in the 
high and low events towards the later part of the record, following the construction of the dam. 
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Figure 20 - Fluctuating lake levels of Lake Ontario, pre-dam (1860-1958). The graph illustrates the high level of variability in annual highs and 
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Figure 23 - Pre-dam surface areas for Lake Ontario. The graph shows the mixing of the calculated high and low areas and the greater variability 
in annual high lake areas. 
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Figure 24 - Close up of the post dam lake area estimates shows a very different story than the pre dam areas. The low lake areas exhibit virtually 
no variation and the high lake areas fluctuate less wildly, in general, suggesting that the dam is effectively dampening the annual highs and 
stabilizing the annual lows. 
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Figure 25 -Annual differences in Lake Ontario high and low area estimates (change). In many of the pre-dam years, change was either very great 
or very small, but following the installation of the dam, the change between the high and low lake areas becomes notable more consistent. 
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Table I - Summary statistics of the analyses, showing changes in lake depth and lake area pre- and post dam. The difference in pre-dam and post dam 
Jake areas can be interpreted as an estimate of potential wetland Joss due to water level regulation. 





Change in Area km2 Standard Deviation 
Height (m) between high and low Area (km
2
) 
Pre Dam High 75.18 1.18 19,505 498 294.41 
Low 74.58 0.97 19,007 37.78 
Difference 0.60 
Post Dam High 75.17 0.74 19,454 376 220.72 
Low 74.40 0.54 19,079 21.07 
Difference: 0. 77 
Totals Difference: 123 
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Future Research 
This model provides a baseline dataset and a model structure that may prove 
useful for other Lake Ontario studies. As new computer systems, higher resolution 
elevation and bathymetry data, and improved data model software become available, this 
model can be modified and rerun to include more years, duration of peak events, and/or a 
finer resolution elevation/bathymetry model, all of which would yield better results than 
the current model. The current model can be considered a successful proof of concept, 
and can easily be modified to work on different lakes where similar water level data are 
available (transferability). The construction of a more robust model can assist in solving 
problems in regulatory practices. 
When new, higher resolution data are incorporated into the model and new 
estimates created, field verification of the results could give insight to the type of wetland 
changes that have occurred, such as a potential shift from emergent to submerged, which 
would expand both vegetative and historical aerial photo studies. The current study 
should also be expanded to look at the duration of the inundation (not simply the high and 
low extremes), as well as quantifying the growing season for the Lake Ontario Shoreline. 
The growing season would vary depending on the climate and location, so there may 
need to be another model focusing on the growing season and the regional and local 
parameters affecting climate, particularly in light of global climate change concerns, 
which could then be added into the calculations. 
Currently, after working with this model, I started a flood model for Monroe 
County, NY that contains not just the elevations, but also takes into consideration soils, 
cover type, and radar images of storms. This model is being written in python and will 
run using the ArcGIS9.2, 3D analyst, ArcSDE, and ArcIMS and IDRIS! GIS. Early 
results suggest that these datasets might also be included in the Lake Ontario model to 
help determine current wetland areas. 
Conclusions 
As a proof of concept, this model successfully generates annual lake areas based 
on annual extreme lake level data and illustrates where those areas of change may occur 
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in Lake Ontario, indicating both changes in shoreline and potentially coastal wetland area. 
It also illustrates the stabilizing impact the dam has had on lake levels. The model was 
able to show the potential high and low areas of inundation and an estimation of loss or 
gain of shoreline. The estimation of shoreline loss or gain can be related to the loss or 
gain of coastal wetlands because of their relationship to the hydrology of the Lake 
Ontario system. But due to the resolution of the original data, the results produce areas of 
significant over or under estimation, resulting in generalized areas of interest. The 
uncertainty cannot be reliably calculated because the model was based on a I 00 meter per 
pixel elevation model, and when dealing with significant, but localized, changes in 
elevation, such as a raised highway, subtleties of the landscape cannot be captured. A 
small area within a pixel's size would be lost to the average pixel value (10,000 m2). 
Even with the data resolution limitations, however, there are noticeable areas of 
repeated shoreline impacts, which would suggest areas of major wetland loss over time 
( 123 km
2 in the current model). Areas of greatest change in the model results appear to 
be in the St. Lawrence Seaway, the Buffalo, NY area, and in some of the smaller bays 
around the lake (Figures 12, 13, and 15). These would be the primary areas to focus on 
when the more precise data model for the bathymetry and elevations become available in 
2012. Also, since the current model only looks at a few factors, some of the potential 
wetland loss may have been attributed to a change in wetland type. In order to more 
accurately predict this, we would have to look at a large time scale as well as both 
historical photos and ground surveys. 
Conceptually, the model could work with any water body that had accurate 
bathymetry and digital elevation data. This model could aid in historical monitoring and 
studies to aid future research. This model could also help in determining human impact 
studies on certain bodies of water. Finally, this model fills a gap of information for Lake 
Ontario. There have been small studies of lake level fluctuation impacts on bays and 
rivers, but there has not been a complete Lake Ontario fluctuation model that dealt with 
the entire historical record. This hopefully will be added to the knowledge of the lake 
system and aid in future projects for years to come. 
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Appendix A 
Lake Ontario Historic Water Levels 
Year Hieb (ft) Lowlflt Hieb (m) Low (m) 
1860 247.80 246.54 75.53 75.15 
1861 248.46 246.48 75.73 75.13 
1862 248.80 246.62 75.83 75.17 
1863 248.14 246.38 75.63 75.10 
1864 248.10 246.20 75.62 75.04 
1865 247.66 245.60 75.49 74.86 
1866 246.84 245.50 75.24 74.83 
1867 248.46 244.64 75.73 74.57 
1868 246.46 244.54 75.12 74.54 
1869 247.36 245.22 75.40 74.74 
1870 248.88 246.08 75.86 75.01 
1871 247.08 244.60 75.31 74.55 
1872 245.34 244.34 74.78 74.47 
1873 246.94 244.34 75.27 74.47 
1874 247.26 244.80 75.36 74.62 
1875 245.82 244.40 74.93 74.49 
1876 248.30 245.02 75.68 74.68 
1877 246.46 245.22 75.12 74.74 
1878 246.96 245.22 75.27 74.74 
1879 247.00 245.00 75.29 74.68 
1880 246.46 244.70 75.12 74.58 
1881 246.22 245.70 75.05 74.89 
1882 247.50 245.26 75.44 74.76 
1883 248.00 245.28 75.59 74.76 
1884 248.18 246.10 75.65 75.0l 
1885 247.54 244.58 75.45 74.55 
1886 248.58 246.24 75.77 75.05 
1887 247.14 246.24 75.33 75.05 
1888 246.32 245.34 75.08 74.78 
1889 246.78 245.14 75.22 74.72 
1890 248.08 246.00 75.61 74.98 
1891 247.46 244.44 75.43 74.51 
1892 245.26 244.46 74.76 74.51 
1893 247.32 244.78 75.38 74.61 
1894 246.72 244.52 75.20 74.53 
1895 245.00 243.32 74.68 74.16 
1896 245.44 243.38 74.81 74.18 
1897 245.68 243.86 74.88 74.33 
1898 246.16 245.80 75.03 74.92 
1899 246.00 244.38 74.98 74.49 
1900 245.06 243.57 74.69 74.24 
1901 245.ll 243.39 74.71 74.19 
1902 245.26 243.51 74.76 74.22 
1903 245.73 244.02 74.90 74.38 
1904 247.08 243.90 75.31 74.34 
1905 246.09 244.55 75.01 74.54 
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1906 245.73 244.78 74.90 74.61 
1907 246.30 245.42 75.07 74.80 
1908 247.30 244.30 75.38 74.46 
1909 248.62 243.22 75.78 74.13 
1910 247.26 245.10 75.36 74.71 
1911 246.46 244.80 75.12 74.62 
1912 245.46 244.48 74.82 74.52 
1913 247.34 244.34 75.39 74.47 
1914 246.00 245.64 74.98 74.87 
1915 247.08 244.76 75.31 74.60 
1916 245.48 244.80 74.82 74.62 
1917 246.00 244.80 74.98 74.62 
1918 247.44 245.08 75.42 74.70 
1919 247.18 245.90 75.34 74.95 
1920 246.96 245.66 75.27 74.88 
1921 245.66 245.00 74.88 74.68 
1922 246.66 244.80 75.18 74.62 
1923 246.90 244.56 75.26 74.54 
1924 245.94 244.38 74.96 74.49 
1925 246.24 244.30 75.05 74.46 
1926 245.70 244.18 74.89 74.43 
1927 245.44 244.14 74.81 74.41 
1928 246.10 244.98 75.01 74.67 
1929 246.74 245.66 75.21 74.88 
1930 248.58 245.70 75.77 74.89 
1931 248.16 245.00 75.64 74.68 
1932 245.36 243.94 74.79 74.35 
1933 246.12 243.90 75.02 74.34 
1934 245.44 243.32 74.81 74.16 
1935 243.54 242.89 74.23 74.03 
1936 243.57 242.16 74.24 73.81 
1937 244.52 242.06 74.53 73.78 
1938 245.31 243.24 74.77 74.14 
1939 245.21 243.67 74.74 74.27 
1940 245.41 243.37 74.80 74.18 
1941 245.24 243.04 74.75 74.08 
1942 244.82 243.24 74.62 74.14 
1943 245.37 243.24 74.79 74.14 
1944 248.03 244.88 75.60 74.64 
1945 246.46 244.55 75.12 74.54 
1946 247.18 244.52 75.34 74.53 
1947 246.72 244.95 75.20 74.66 
1948 248.23 245.01 75.66 74.68 
1949 247.57 245.14 75.46 74.72 
1950 246.26 243.90 75.06 74.34 
1951 246.62 244.49 75.17 74.52 
1952 248.10 245.70 75.62 74.89 
1953 248.56 246.00 75.76 74.98 
1954 247.12 244.81 75.32 74.62 
1955 247.68 245.76 75.49 74.91 
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1956 247.03 244.70 75.29 74.58 
1957 245.67 243.98 74.88 74.37 
1958 244.77 243.37 74.61 74.18 
1959 245.60 243.25 74.86 74.14 
1960 246.55 244.15 75.15 74.42 
1961 246.06 243.46 75.00 74.21 
1962 245.83 243.65 74.93 74.26 
1963 246.25 243.77 75.06 74.30 
1964 245.00 242.31 74.68 73.86 
1965 245.11 242.22 74.71 73.83 
1966 245.74 244.37 74.90 74.48 
1967 246.56 244.53 75.15 74.53 
1968 246.54 244.54 75.15 74.54 
1969 246.08 244.43 75.01 74.50 
1970 246.15 244.02 75.03 74.38 
1971 246.15 243.96 75.03 74.36 
1972 247.32 244.36 75.38 74.48 
1973 248.48 244.73 75.74 74.60 
1974 248.08 244.39 75.61 74.49 
1975 246.48 244.44 75.13 74.50 
1976 248.02 244.48 75.60 74.52 
1977 246.13 244.16 75.02 74.42 
1978 247.20 244.02 75.35 74.38 
1979 246.65 244.39 75.18 74.49 
1980 246.60 244.42 75.16 74.50 
1981 246.22 244.14 75.05 74.41 
1982 246.41 244.38 75.11 74.49 
1983 246.82 244.42 75.23 74.50 
1984 247.20 244.24 75.35 74.44 
1985 246.70 244.46 75.19 74.51 
1986 247.31 245.56 75.38 74.85 
1987 246.89 244.07 75.25 74.39 
1988 245.93 244.07 74.96 74.39 
1989 247.12 243.91 75.32 74.34 
1990 246.69 244.46 75.19 74.51 
1991 247.18 243.84 75.34 74.32 
1992 246.49 244.06 75.13 74.39 
1993 248.20 244.31 75.65 74.47 
1994 246.50 244.26 75.13 74.45 
1995 245.83 244.19 74.93 74.43 
1996 246.88 244.50 75.25 74.53 
1997 247.29 244.61 75.37 74.56 
1998 247.58 243.61 75.46 74.25 
1999 245.58 243.59 74.85 74.25 
2000 247.15 244.11 75.33 74.41 
2001 246.17 244.22 75.03 74.44 
2002 247.23 243.73 75.36 74.29 
2003 246.54 243.63 75.15 74.26 
2004 246.62 244.23 75.17 74.44 
2005 246.59 244.50 75.16 74.53 
Appendix B - Lake Ontario Surface Areas (km
2) with Change from the Average 
Lake Surface Area (19,454.30 km2) 
Year Max. Area (kmz) Diff. from Ave. Area Min. Area (kmz) Diff. from Ave. Area 
1860 19,623.05 168.75 19.592.95 138.65 
1861 19,715.24 260.94 19,585.97 131.67 
1862 19,597.00 142.70 19,595.78 141.48 
1863 19,665.94 211.64 19,572.81 118.51 
1864 19,695.09 240.79 19,549.75 95.45 
1865 19,676.78 222.48 19,064.18 -390.12
1866 19,612.96 158.66 19,061.96 -392.34
1867 19,715.24 260.94 19,026.45 -427.85
1868 19,582.11 127.81 19,021.27 -433.03
1869 19,648.97 194.67 19,052.45 -401.85
1870 19,730.10 275.80 19,525.01 70.71 
1871 19,627.44 173.14 19,022.96 -431.34
1872 19,056.29 -398.01 19,016.47 -437.83
1873 19,621.24 166.94 19,016.47 -437.83
1874 19,645.99 191.69 19,037.40 -416.90
1875 19,072.05 -382.25 19,016.64 -437.66
1876 19,711.66 257.36 19,044.95 -409.35
1877 19,582.11 127.81 19,010.81 -443.49
1878 19,621.65 167.35 19,010.81 -443.49
1879 19,623.05 168.75 19,044.27 -410.03
1880 19,582.11 127.81 19,030.25 -424.05
1881 19,550.30 96.00 19,070.72 -383.58
1882 19,550.30 96.00 19,053.31 -400.99
1883 19,688.61 234.31 19,053.83 -400.47
1884 19,697.32 243.02 19,529.56 75.26 
1885 19,697.32 243.02 19,529.56 75.26 
1886 19,716.70 262.40 19,554.29 99.99 
1887 19,633.18 178.88 19,554.29 99.99 
1888 19,563.72 109.42 19,056.29 -398.01
1889 19,607.50 153.20 19,048.19 -406.11
1890 19,693.97 239.67 19,076.60 -377.70
1891 19,655.79 201.49 19,017.40 -436.90
1892 19,053.31 -400.99 19,018.37 -435.93
1893 19,647.03 192.73 19,037.40 -416.90
1894 19,602.87 148.57 19,019.37 -434.93
1895 19,710.31 256.01 18,979.73 -474.57
1896 19,059.98 -394.32 18,982.99 -471.31
1897 19,067.63 -386.67 19,000.69 -453.61
1898 19 543.90 89.60 19 072.05 -382.25
1899 19,076.60 -377.70 19,016.64 -437.66
1900 19,046.52 -407.78 18,989.12 -465.18
1901 19,046.52 -407.78 18,983.75 -470.55
1902 19,053.31 -400.99 18,988.18 -466.12
1903 19,071.91 -382.39 19,002.43 -451.87
1904 19,627.44 173.14 19,000.70 -453.60
1905 19,526.37 72.07 19,021.27 -433.03
1906 19 071.91 -382.39 19,037.40 -416.90
1907 19 560.76 106.46 19,059.98 -394.32
1908 19,647.03 192.73 19,015.34 -438.96
1909 19,718.98 264.68 18,976.72 -477.58
1910 19,645.99 191.69 19,046.52 -407.78
1911 19,582.11 127.81 19,037.40 -416.90
1912 19,061.59 -392.71 19,018.37 -435.93
1913 19,648.22 193.92 19,016.47 -437.83
1914 19,076.60 -377.70 19,064.95 -389.35
1915 19,627.44 173.14 19,035.04 -419.26
1916 19,061.96 -392.34 19,037.40 -416.90
1917 19,076.60 -377.70 19,037.40 -416.90
1918 19,655.79 201.49 19 046.52 -407.78
1919 19,637.94 183.64 19 072.05 -382.25
1920 19,621.65 167.35 19,067.21 -387.09
1921 19,067.21 -387.09 19,044.27 -410.03
1922 19,598.94 144.64 19,037.40 -416.90
1923 19,619.78 165.48 19,021.27 -433.03
1924 19,075.81 -378.49 19 016.64 -437.66
1925 19,554.29 99.99 19 016.64 -437.66
1926 19,070.72 -383.58 19,010.81 -443.49
1927 19,059.98 -394.32 19,008.92 -445.38
1928 19,529.56 75.26 19,043.89 -410.41
1929 19,604.13 149.83 19,067.21 -387.09
1930 19,716.70 262.40 19,070.72 -383.58
1931 19,697.32 243.02 19,070.72 -383.58
1932 19,059.49 -394.81 19,001.48 -452.82
1933 19,533.72 79.42 19,000.70 -453.60
1934 19,059.98 -394.32 18,979.73 -474.57
1935 18,988.61 -465.69 18,965.76 -488.54
1936 18,989.12 -465.18 18,927.76 -526.54
1937 19,019.37 -434.93 18,924.08 -530.22
1938 19,054.31 -399.99 18,976.72 -477.58
1939 19 697.32 243.02 19,070.72 -383.58
1940 19 059.98 -394.32 18,982.67 -471.63
1941 19,052.45 -401.85 18,969.80 -484.50
1942 19,037.40 -416.90 18,976.72 -477.58
1943 19,059.49 -394.81 18,976.72 -477.58
1944 19,691.73 237.43 19 038.96 -415.34
1945 19,582.11 127.81 19,021.27 -433.03
1946 19,637.94 183.64 19 019.37 -434.93
1947 19,602.68 148.38 19,043.52 -410.78
1948 19,698.27 243.97 19,044.93 -409.37
1949 19,668.66 214.36 19 048.19 -406.11
1950 19,555.72 101.42 19,000.70 -453.60
1951 19,597.00 142.70 19,018.37 -435.93
1952 19,695.09 240.79 19,070.72 -383.58
1953 19,716.01 261.71 19,076.60 -377.70
1954 19,632.39 178.09 19,037.40 -416.90
1955 19,676.78 222.48 19,071.91 -382.39
1956 19,623.05 168.75 19,030.25 -424.05
1957 19,067.21 -387.09 19,002.33 -451.97
1958 19,035.92 -418.38 18,982.54 -471.76
1959 19 064.18 -390.12 18,976.72 -477.58
1960 19,592.95 138.65 19,009.24 -445.06
1961 19,076.60 -377.70 18,986.48 -467.82
1962 19,072.05 -382.25 18,990.04 -464.26
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1963 19,555.02 100.72 18,997.72 -456.58
1964 19,044.27 -410.03 18,933.69 -520.61
1965 19,046.52 -407.78 18,932.38 -521.92
1966 19,071.91 -382.39 19,016.64 -437.66
1967 19,594.06 139.76 19,021.27 -433.03
1968 19,592.95 138.65 19,021.27 -433.03
1969 19,525.01 70.71 19,017.40 -436.90
1970 19,543.13 88.83 19,003.56 -450.74
1971 19,543.53 89.23 19,002.33 -451.97
1972 19,647.03 192.73 19,016.64 -437.66
1973 19,715.24 260.94 19,032.79 -421.51
1974 19,693.97 239.67 19,016.64 -437.66
1975 19,585.97 131.67 19,017.40 -436.90
1976 19 689.27 234.97 19,018.37 -435.93
1977 19 534.19 79.89 19,009.24 -445.06
1978 19,640.81 186.51 19,002.43 -451.87
1979 19,598.20 143.90 19.016.64 -437.66
1980 19,595.78 141.48 19,016.67 -437.63
1981 19,550.30 96.00 19,008.92 -445.38
1982 19,574.20 119.90 19,016.64 -437.66
1983 19,612.96 158.66 19,016.67 -437.63
1984 19,640.81 186.51 19,014.37 -439.93
1985 19,600.02 145.72 19,018.44 -435.86
1986 19,647.03 192.73 19,063.89 -390.41
1987 19,618.85 164.55 19,004.60 -449.70
1988 19,075.81 -378.49 19,004.60 -449.70
1989 19,632.39 178.09 19,000.70 -453.60
1990 19,599.15 144.85 19,018.44 -435.86
1991 19,637.41 183. l l 19,000.21 -454.09
1992 19,585.97 131.67 19,004.07 -450.23
1993 19,697.32 243.02 19,015.34 -438.96
1994 19,587.16 132.86 19,014.97 -439.33
1995 19 072.05 -382.25 19,010.81 -443.49
1996 19,618.ll 163.81 19,019.37 -434.93
1997 19,647.03 192.73 19,024.33 -429.97
1998 19,669.50 215.20 18,989.12 -465.18
1999 19,063.89 -390.41 18,989.12 -465.18
2000 19,633.74 179.44 19,008.35 -445.95
2001 19,544.73 90.43 19,013.74 -440.56
2002 19,643.16 188.86 18,994.24 -460.06
2003 19,592.95 138.65 18,989.12 -465.18
2004 19,597.00 142.70 19,014.37 -439.93
2005 19,594.06 139.76 19,019.37 -434.93
AVG 19,470.78 16.48 19,055.64 -398.66
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Appendix C 
See Disk for Complete Shape File Results 
